Model-based analysis, design and testing methods require precise mathematical process models of high quality. But modelling of systems with friction poses difficult challenges. In this paper, a novel friction-identification method using a sliding-mode observer based friction estimation approach is proposed. This model is used in Hardware-in-the-Loop (HiL) simulation in context of developing motor control functions in automotive applications. A case study illustrates the effectiveness and efficiency of the proposed method.
INTRODUCTION
In context of developing modern power trains, improvements in vehicle dynamics, fuel efficiency and emissions are necessary. These requirements can be fulfilled with a continuous development of the engine management system and some important factors of the combustion processes, for example combustion temperature and air-fuel ratio (AFR) will be influenced by using precise position-tracking control of various actuators of the engine. However, testing the performance of a controller by using in-vehicle driving tests under real-world conditions is costly. Therefore, recent research and applications in automotive industry have focused on Hardware-in-the-Loop (HiL) simulation. This technique uses a real-time virtual vehicle condition by modelling the characteristic dynamical behaviour and makes developing, testing and tuning of Electronic Control Units (ECU) convenient and efficient. Advantages are that analysis under extreme driving conditions becomes feasible without putting driver or equipment at risk as well as the possibility to simulate with slowed-down or accelerated real-time. Models with good prediction quality are required for realistic testing conditions. However, modelling of actuators involving friction is not an easy issue (Isermann, 1992) . Being an important nonlinear phenomenon, friction exists in each actuator and may heavily affect its dynamics. Ordinary modelling of friction can be carried out based on physical principles or system identification. But some challenges, for example costly experiment conditions (e.g. measuring friction and velocity in a velocity feedback loop at a constant velocity) and complex identification methods (e.g. complicated optimization methods) are necessary to apply such methods. This motivated to develop reliable, easy-to-use and efficient algorithms that provide high-quality dynamical models. Recently, a new friction force estimation approach has been proposed in (Patton, et al., 2009) , in which the friction force is viewed as an actuator fault and has been successfully estimated using a sliding-mode observer. Alternatively, an unknown input observer can also be used to estimate the actuator fault. In comparison to the latter, the sliding-mode approach offers a better methodology for optimally choosing the design parameters in the observer (Edwards, 2004) . In this paper, this easy-to-use sliding-mode approach will be used to offline identify a static friction model. This new method uses measurements from simple open-loop experiments and is comparatively easy to apply. The paper is structured as follows. The next section introduces the modelling approach. The friction estimation by using the sliding-mode observer method is discussed in section 3. In section 4, a novel friction-identification method is proposed. In section 5, results from applying the method to electromechanical throttles are presented. Concluding remarks and an outlook follow in section 6.
MODELLING OF SYSTEMS WITH FRICTION

Problem characterization
As a non-linear complex stochastic phenomenon with hysteresis, friction directly influences the behaviour of dynamic systems. The dominant friction components include: Coulomb friction (i.e., the constant force depending on the velocity sign), viscous friction (i.e., proportional to the velocity), static friction (i.e., the required force to initiate movement from the rest). It causes problems such as presliding displacement, varying breakaway force, asymmetries, position dependence, etc (Armstrong-Hélouvry, et al., 1994; Olsson, et al., 1998) . Because of its complexity, till now friction is only limitedly understood and the precise friction modelling based on physical principles remains a difficult issue. In case of the throttle, the model of electronic and mechanical components has usually a simple structure and well-known parameters, so that the total complexity of modelling the system with friction is reduced.
Proposed methods for friction modelling
Being an important application, a lot of papers deal with electro-mechanical throttles (Canudas de Wit, et al., 2001; Eriksson & Nielsen, 2000; Pavkovic, et al., 2003; Ren, et al., 2010) . A throttle model with a LuGre friction model has been presented in (Canudas de Wit, et al., 2001) . Based on the data measured in open/closed loop, the parameters of the LuGre friction model have been estimated using a two step method (Canudas de Wit, et al., 1997) . In (Eriksson & Nielsen, 2000; Ren, et al., 2010 ), a throttle model with a static friction model has been identified using efficient methods and I/O-data measured in open loop. An experimental identification procedure has been proposed in (Pavkovic, et al., 2003) to identify a throttle model with a Dahl friction model. Although most of them could precisely capture the dynamic effects, in some cases, detailed knowledge of physics, complex and precise measurements, costly parameter estimation and tuning are required.
Recently, a new online friction estimation approach has been proposed in (Patton, et al., 2009 ) and this approach has been successfully applied for a control strategy with friction compensation. Based on this online approach, a novel offline friction-identification method is proposed in this paper. Using the sliding-mode observer, the friction can be easily estimated and combining the velocity (calculated from the angular position), a friction-velocity plot can be generated. In the latter, piecewise linear curves can be estimated by using a robust curve-fitting algorithm. With these estimated piecewise linear curves, the parameters of a static friction model can easily be offline identified. Combining with the physical models and their parameters of the electronic and mechanical parts, this method is applied to modelling of electromechanical throttles for HiL-simulation. In this paper, a physical model is used for electronic and mechanical components of electro-mechanical throttles, which is mainly composed of a DC motor, a gearbox, a return spring, a potentiometer angle sensor and a throttle plate (see Fig. 1 .). The throttle is driven by a DC motor. The angle sensor provides for an output signal with value range between 0.5 V and 4.5 V for the position of the throttle plate .
Model description
ϕ
Being the most difficult in electro-mechanical throttles, modelling of friction is discussed at first. Sometimes, complex models should be used for better explaining some complex friction effects but they will make the I/O-data based identification more difficult. Furthermore experimental results show that a good static friction model can also reach a good approximation of the effects (Marton & Lantos, 2007) . Therefore a classical friction model is used which has been proven to be able to capture the significant static friction effects (Armstrong-Hélouvry, et al., 1994; Canudas de Wit, et al., 1995; Olsson, et al., 1998) . In this model the dominant friction components have been considered: Coulomb friction, viscous friction, static friction and their dependence of the movement direction. The mathematical description is defined as: 
. The first line in (1) describes the situation when the throttle is stuck. The second line denotes the steady-state friction torque which combines the Coulomb friction torque and the viscosity friction torque, when the throttle is sliding. The characteristic curve of the friction model with its parameters is sketched in Fig. 2 .
Fig. 2. Characteristic curve of the static friction model with its parameters
Modelling the other components incl. the DC-motor and the return spring are described in (Ren, et al., 2010 
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An idea is to treat this term as the offset of the input signal (Kroll, 2004) . Applying the idea to treat the term as offset of the input signal (Kroll, 2004) and (3) yields:
where the new input is defined as 
which means that the friction term is considered as an actuator fault.
Sliding-mode observer design
A sliding-mode observer as proposed in (Edwards & Spurgeon, 1998 According to (Edwards & Spurgeon, 1998; Patton, et al., 2009) A has stable eigenvalues. The system in (7) with a new coordinate will be used for the sliding-mode observer design (Edwards & Spurgeon, 1998; Patton, et al., 2009): ( ) 
In (9) 
In (Edwards & Spurgeon, 1998; Patton, et al., 2009) it is shown that the error system in (11) can be forced to zero in finite time by a sliding motion. For the system in (5), (8) will be considered as the sliding-mode observer and the gain matrices in (7) 
Friction estimation by using sliding-mode observer
During the sliding motion 
where eq ν is referred to as equivalent output injection signal that maintains the sliding motion (Edwards & Spurgeon, 1998; Patton, et al., 2009 ). The discontinuous scalar in (9) can be approximated by: is a small positive number that should be chosen to compensate the chattering in the sliding motion (Edwards & Spurgeon, 1998; Patton, et al., 2009 
where In (4) the friction term J M R / is considered as an actuator fault which means
, which is an unknown but bounded function (Edwards & Spurgeon, 1998; Patton, et al., 2009 ). Thus it follows from (14) that the estimate of friction term can be defined as:
FRICTION-IDENTIFICATION
With the estimated friction term and the angular velocity (calculated from the measured angular position) a frictionvelocity data map can be directly presented. Based on this map, piecewise linear curves (see Fig.3 (a) ) can be estimated by using the robust curve-fitting algorithm RANSAC (Fischler & Bolles, 1981) .
Because slip jump (Choudhury, et al., 2005) has not been observed for the case study, H M and G M are assumed to be equal.
Estimation of the parameters
The novelty of the proposed method is that using the slidingmode observer and the curve fitting algorithm, the parameters of a static friction model can be easily identified offline from the reconstructed friction characteristic curve. It is noted that this approach is applied to modelling of electro-mechanical throttles for HiL-simulation. It can not work in real-time for online estimation friction of coefficient or for friction compensation.
CASE STUDY
Requirements and performance criteria
With respect to its HiL-simulation application, the closed-loop behaviour of an electronic control unit (ECU) and the model should be close to reality for functional testing. The used performance criteria are the normalized root mean square error (NRMSE) and the maximum norm 
Fig. 5.Test signal for friction estimation
A sinus-shaped test signal is used to estimate the friction (see Fig. 5 ). On the one hand, the amplitude and the offset of the signal should be chosen, such that the throttle is sufficiently excited. On the other hand, a hard stop by the mechanical stops should be avoided. A systematic study has been carried out to find a compromise for the choice of both values. In order to obtain a continuous switching of the velocity between positive and negative regions, 0.8 Hz has been chosen as signal frequency. Experiments show that with this frequency the test signal moves continuously in both directions between sliding and stiction, which is convenient for identifying the proposed friction model. Ideally, the number of cycles should be as high as possible to collect as much data as possible for the estimation. In consideration of the computational effort, a signal with four cycles is chosen as a good compromise. The experimence shows that more cycles do not significanlty improve the results. The angular velocity has been estimated using the time derivative of the angular position. A median filter (Pratt, 1978) has been used to smooth the derivated values.
Results
The modeling was carried out as described above. The parameters in (Ren, 2009 ) have been used for modelling the electro and mechanical parts. In order to test the quality of the model, an AMPRS (amplitude modulated pseudo random steps) signal was used. The comparison between the estimated and the measured angle position of an electro-mechanical throttle (throttle I) is shown in Fig. 6 , in which stiction is evident in this data set, e.g., on the interval (10.1 s, 10.5 s). The figure shows that the model can capture the dynamics of the real system and the residuals meet the requirement on the maximal model error. It is noted that the model is able to reproduce the stiction effect on the interval (10.1 s, 10.5 s). A comparison between the proposed 2-step semi-physical method in (Ren, et al. 2010 ) with the proposed method has been listed in Table 1 . Furthermore, the model has been transferred to another electro-mechanical throttle (throttle II) of the same type as throttle I. The proposed method has been anew applied for throttle II to identify the friction model. The results (Fig. 7) show that the model is well reproducible to other similar electro-mechanical throttles. Based on a sliding-mode approach, a novel frictionidentification method was proposed and applied to modelling of electro-mechanical throttles. With this frictionidentification method, the estimated friction was used to offline identify a static friction model with little cost. Furthermore, results show that this method can provide a model of high quality. The proposed method could be applied to other electro-mechanical actuators. Additionally, as an alternative a black-box model can be applied to the modelling of electro-mechanical throttles.
